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Particle methods are a set of powerful and versatile simula-
tion-based methods to perform optimal state estimation in non-
linear non-Gaussian state-space models. The ability to compute the
optimal filter is central to solving important problems in areas such
as change detection, parameter estimation, and control. Much re-
cent work has been done in these areas. The objective of this paper
is to provide a detailed overview of them.
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1. INTRODUCTION

Optimal filtering for nonlinear non-Gaussian state-space
models has numerous applications in signal processing and
related areas such as finance, robotics, telecommunications,
etc. However, except for simple models such as linear
Gaussian state-space models, optimal filters do not typically
admit a closed-form expression. Standard approximation
schemes can be unreliable (e.g., the extended Kalman filter)
or difficult to implement (e.g., deterministic integration
methods). Sequential Monte Carlo (SMC) methods, also
known as particle methods, are simulation-based approx-
imations of the posterior distributions of interest. These
flexible and powerful methods have become very popular
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over the last few years and the diversity of applications is
increasing, e.g., weather forecasting, bioinformatics, etc.

In this paper, we will not discuss standard applications of
SMC methods to state estimation. Instead, we will focus on
the application of the SMC principle to solve nontrivial prob-
lems in the following areas.

* Model validation/Change detection: The question one
tries to answer in this context is that of determining how
well a given model fits the data or how to detect an
abrupt change in some parameter values.

* Parameter estimation/System identification: Here,
given a model with unknown static parameters, the
aim is to design both offline and online algorithms to
estimate these parameters.

* Control: Assuming that it is possible to control the
state-space model, the aim is to find a control policy
that minimizes a given cost function of the states, ob-
servations and controls. Such problems arise in target
tracking applications. For example, in sensor manage-
ment, one must select at each time step a sensor, from a
collection of sensors, that measures some aspect of the
state of the target being tracked. The aim is to select
sensors to optimize the tracking performance.

This is a tutorial paper and contains only a few original
developments. It mostly attempts to summarize and present
as concisely as possible the main ideas of the recent works
published on the subjects mentioned above. We have kept the
level of notation and technicality to a minimum and, instead
of focusing on a rigourous mathematical development, we
have tried to focus on methodological aspects.

The paper is organized as follows. In Section II, we briefly
present a generic SMC method for optimal filtering and
likelihood evaluation in nonlinear non-Gaussian state-space
models. Methods to compute the derivative of the optimal
filter and the likelihood function with respect to some pa-
rameters are reviewed. Section III presents some algorithms
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for model validation and change detection. Section IV
reviews the various methods to perform offline and online
parameter estimation while Section V shows how some
control problems can be addressed using particle methods.
Finally, we discuss a few open problems in Section VI. A
detailed list of references is provided.

II. STATE-SPACE MODELS AND SEQUENTIAL MONTE CARLO
METHODS

A. State-Space Models

Let {X,},>1 and {Y},},>0 be X- and Y-valued sto-
chastic processes defined on a measurable space (2, F).
These stochastic processes depend on a parameter § € ©
where © will be assumed to be an open subset of R™¢.
The process {X,,}n>1 is an unobserved (hidden) Markov
process with initial density p; i.e., Xo ~ u, and Markov
transition density fy (2’| z); i.e.,

Indirect measurements of {X,} are available through the
observed process {Y,},>0. More precisely it is assumed
that the observations are conditionally independent given
{X»}n>1 and that their marginal conditional densities are
of the form gy (y | ); i.e.,

Yo |Xn =2~ go(|). (@)

All densities are defined with respect to appropriate domi-
nating measures on their spaces which we denote commonly
by d( -); e.g., Lebesgue or counting measures. The interpre-
tation of § depends on the application under study and will
be made clear in the subsequent sections.

This class of models includes many nonlinear and non-
Gaussian time series models such as

Xn+1 = @0(X'n,-, Vn+1)> Y'n, = I/JG(Xna Wn)

where {V,,}n>0 and {W,},>0 are mutually independent
sequences of independent random variables and functions
g, Yy determine the evolution of the state and observation
processes.

B. Optimal Filter

Here and in the following subsections, we will assume that
the parameter 6 is known.

Optimal filtering consists of estimating recursively in time
the sequence of posterior densities {pg(zo:n | Y0:n)}n>0
which summarizes all the information about the system
states Xj., as given by the collection of observations
Yo.n. We have adopted the following notation: for any
sequence {z;} and random process {Zj}, we define
Zij = (ZL Zitly---s Zj) and Zi:j = (Zi, Zi+1. cey Zj).
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Using Bayes’ rule, one can check that the sequence of joint
posterior densities {pg(xo.n | Yo.r)} satisfies the following
recursion:

Pe(fEO:n |K]n>
gQ(Yn | xn)fﬁ(a:n | l’nfl)Pe (xO:nfl | YO:n71>

= 3
pQ(Yn |Y0:n—1) ( )

where pg(Y;, | Yo.n—1) is given by

(Yo | Yom—1) = / / 96 (Yo | 0) fo(n | )
X p@(xO:n—l | YO:n—l)de:n~ (4)

Marginalizing over zp.,—1, one obtains the following
standard prediction-update recursion for the filtering
density pg(z, | Yo.n). The prediction step to obtain the
one-step-ahead prediction density pg(zy, | Yo.n—1) is given
by

p@(xn | YO:n—l) :/fQ(xn | xn—l)p@(xn—l | YO:n—l)dxn—l-
(5)

Then, when the new observation Y,, becomes available and

by using Bayes’ formula, one obtains the new filtering den-

sity

gO(Yn | xn)pé’ (ajn | YO:'n,—l)
pG(Yn | YO:n—l)

Using (5), the density pg(Y,, | Yo.n—1) given by (3) can be

rewritten as

pO(Yn |Y0:n—1) = /gG(Yn |$n)p0($n |Y(]:n—1)dxn- (7)

pﬁ(xn |Y0n) = (6)

We now introduce formal alterations of these formulas,
which will prove to be useful when developing SMC
methods. Let us define a so-called importance density
qo(xn | Yn,Zn—1). The relevance and signification of this
density will become clearer when discussing SMC methods
later. It is easy to check that one can also rewrite (3) as

Pe(iUo:n |Y0:n)
:aé’ (ajn—l:na Yn)qO(xn | Yn> xn—l)p@ ($0:n,—1 | YO:n—l)
p&(Yn | YO:n—l)

(®)
where
9o(Yn [ 20) fo(Tn [Tn—1)
qG(wn | Yn7 xn—l)

is the so-called importance weight. The relationship (8) is
valid as long as
q@(Yn |xn)f9($n |$n—1)p0(xn—1 |Y0:n—1) >0

= qo(Tn | Yo, Tn-1) > 0.

€))

a@(xn—lzn: Yn) =

Marginalizing over x¢.,—1, one obtains (10) and (11) (see
bottom of next page), the recursion for the filtering density
pe(zy | Yo.n). The expressions (8), (10), and (11) are, re-
spectively, (3), (5)-(6), and (7) when gg(x,, | Y, Tn_1) =
fo(zn | 2n-1).
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C. The Likelihood
The (marginal) likelihood of Yj., is given by

6(You)

pI‘lOI‘ hkellhood

(12)
It also admits the following recursive form:
Do (YO:n) = P (Yn | YO:n—l)p9 (YO:n—l)

= [[pe (¥ |You-1) (13)
k=0

with the convention py(Yy | Y_1) 2 J 96(Yo | zo) (o) da.

In practice, one uses the log-likelihood which is numerically
better behaved and satisfies

A

16 (YO:n) =

logpe(Yom) = Y _ log pa(Yi | Youe—1).  (14)

k=0

Except in a few simple cases including finite state-space
hidden Markov models (HMMs) and linear Gaussian state-
space models, it is impossible to compute the optimal filter
and the log-likelihood/likelihood in closed-form and numer-
ical approximation schemes are required.

D. Optimal Filter and Log-Likelihood Sensitivities

We will see in the following sections that many algorithms
require one to be able to compute both the gradients of the
optimal filter and of the likelihood with respect to the param-
eter 6. For simplicity, we will denote by V,,, Uy the derivative

/ / o er o |2k 1) [ ] 90 (Ve | 2k) daoin.
k=0

of a function ¥ of § with respect to the mth component of
0,VWg = (V1¥y,...,V,, V)T, V,, Wy the derivative of
a function ¥ with respect to to the mth component of # evalu-
atedatf, and VUy = (V¥ ,...,V,, ¥y )T. Fromnow
onwards we will assume that all derlvatlves written down are
well defined.

Taking the derivative of (8), one has (15), shown at the
bottom of the page. Note that V., pg (Zo.r, | Yo ) is obviously
not a probability density function anymore and actually sat-
isfies f Vmpe(zom | Yo )dxo., = 0, under weak regularity
assumptions.

Using (14) one obtains the so-called score function

— V(Y | Yok-1)
Yo) =) v )
Vl@( O.Tl) ;} pG(Yk |Yb:k—1)

(16)

where using (11)

Vpo(Ye | Yo:k-1)

//Vaa Th—1:k, Yi)

“qo(k | Vi, Th—1)Po (Th—1 | Yo:k—1)dTr—1:1

//Oéa Th—1:k, V&)

V(go(zr | Y, vr—1)po(Tr—1|Yo:k-1))dTh—1:k-
(17

Except in simple cases, it is impossible to compute the gra-
dients of the optimal filter and the log-likelihood function in
closed form, and one, therefore, resorts to numerical approx-
imation schemes. In Section II-E below, we detail the use of
SMC to approximate the optimal filter while in Section II-F
we show how SMC may be used to approximate the gradi-
ents of interest.

f (677] (xn—l:’ru Yn)gQ(xn | Yn7 In—l)pﬁ (xn—l | YO:n—l)dxn—l

Po(Tn | Youn) Po(Yy | Youn—1)
and
pg(Yn | Y();n—l) — / /Olg(xnfl:na Yn)qe(ajn | Yn7 xn71)pe($n71 | YO:nfl)dLEnfl:n- (11)
VQO(xn—lzru Yn) “qe (xn | Yn xn—l)p9($0m_l | YO:n—l)
V To:n Y m) — /
Po(20:n | Yo:n) o (Y | Yoin—1)
N Oée(xnfl:na Yn) . V[qe(a:n | Yn, :L’n71)pe($0:n71 | YO:n71>]
pG(Yn |}/b:n—1)
_ po(@on | You)
pg(Yn |Y0:n71)
X </ Va9(37n71:n7 Yn) . qe(xn |an7 xn71)p9($0:n71 |Y0:n71)d.’170:n
+ /ag(xn—l:nayn) - V{ao(@n | Yo, Zn—1)po(T0:n—1 |Y0:n1>]d$0:"> : (15)
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E. SMC Approximation to the Optimal Filter and Likelihood

1) An SMC Algorithm: We here briefly describe a
generic SMC method to approximate the optimal filter
based on the sampling resampling approach. More elaborate
algorithms are reviewed in [15] and in this special issue.

Assume that at time n — 1, a collectlon of N(N > 1)
random samples named particles {X0 1@ = 1,...N)
distributed approximately according to pg(zo.n—1 | Yo:n—1)
is available. Now at time n, one wishes to produce
N particles distributed approximately according to
Po(To:n | Yo:n). An efficient way of doing this con-
sists of setting X | = X’ _| and then sample

X9 ~ qo (| Yo, X G ) 1).' It follows that the empirical
distribution of the particles {Xéﬂi} approximates the joint
deHSity p&(xo:nfl | YO:n71>q9($n | Yn7 $n71>~

By substituting this empirical distribution into (8), one ob-

tains the following approximation of pg(z¢.,, | Yo.n):

-

o6 (w0 = X)) 18)

]59(1170:n | YO:n) =

=1

(Yvhere 6 represents the delta Dirac mass) i.e., each particle
X has now a weight o where

N
o) o ag (X,(le,Yn) and Zag’) =1.

At this stage it is possible to select particles, i.e., particles
with small (normalized) weights are discarded and particles
with high (normalized) weights are cloned. Many such re-
sampling schemes have been proposed in the literature; see
[15]. To sum up, the algorithm proceeds as follows at time n.

Sampling step

eFori=1,....N,set X\ _ = X! | and sample
X3~ oV, X20).
e For «+ = 1,...,N, evaluate the importance
weights
N

Zay) =1.

=1

Sz) X g (Xr(z Lins Y ):

Resampling step

e Multiply/Discard particles {X(E 31} with re-
spect to the hlgh/low weights 1ozn)} to obtain
particles {XO ,L}

The computational complexity of this algorithm is in
O(N). The memory requirements are O(N(n + 1)) if one
stores the whole paths {Xén} However, if one is only
interested in estimating the marginal density pg(x,, | Yo.n ),
then the only memory requlrements to update the algorithm
are O(2N) to store {a), X{V}.

10ne could actually sample X () ~ go(- | Youn, \ %) ) but this gener-
alization is not useful for the class of models conmdered here.
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Two possible approximations of the filtering density
Po(Zo:n | Yo.n) can be performed. Before resampling, one
has (18) and after resampling

Ly 5( f((i)) (19)
3 20 (o - 22).

The approximation after resampling is always worse than be-
fore resampling as the resampling step introduces additional
variance in the estimate. However, resampling is beneficial
in the long term, as the algorithm would otherwise collapse.

Particle methods generate at time n an approximation
of the joint distribution pg(xo.n | Yo.n) and not only of
the marginal filtering distribution pg(x, | Yo.,). However,
only the particle approximation of the marginal distribution
P(Tn—L+1:n | Yon) over a small lag L, say L ~ 5, can be
used “safely.” Indeed as particles are being resampled at
each step, the number of distinct trajectories {Xé‘,l} for
a fixed k decreases exponentially quickly as m increases.
In practice, one typically focuses on the marginal filtering
distribution pg (2, | Yo.r), so this is not an issue. However,
if one is interested in pg(xg.n | Yo.n) Or some marginal, say,
po(zi | Yon), k < n — L, then it is practically necessary to
rely on alternative smoothing algorithms.

2) Pointwise Particle Approximation of the Likeli-
hood: Based on these approximations of the filtering
distributions, it is possible to propose an approximation of
the likelihood function. Using (11), one clearly has

ﬁQ(x[):n | YO:n) =

N

%Z o (X07). @0

=1

ﬁ&(Yn | YO:n—l) =

Note that if the importance density is chosen equal to the
prior fg, then (20) becomes

N
1 .
h S (4)

If the importance density is optimal in terms of minimization

of varg, [ae(Tn—1.n,Yn) | Tn_1], that is

9o(Yo | ) fo(n | 2n—1)
IQQ(YTL | $n)f0(xn |$n—1)dﬂ7n

qﬁ(xn |Yn>$n—1) =

then (20) becomes

N
) 1 i
=1

If the resampling scheme is unbiased, i.e., the expected
number of times a particle is copied in the resampling
scheme is equal to its normalized weight, one can show that
(20) is an unbiased estimate of pg(Y;, | Yo.n—1). However,
the estimate of the log-likelihood is obviously biased

)= ZIOgﬁg(Yk | Yo:r—1)- 1)
k=0

ZG(YO:n
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This bias can be reduced by using the following standard
correction technique based on a first-order Taylor expansion;
i.e.,, as N — oo, one typically has E[pg(Yo.n)] = pe(Yo.n)
and var[pg(Yo.n)] = (02/N) where here E and var are an
expectation and a variance with respect to the randomness of
the algorithm. The constant o2 can be easily estimated by,
say, 62 using the particles. One has
E(ls(Yo.n)) = E(log(pe(Yom))) = log(ps(Yoin))

1 o?

B 5 N[Z’G(YO:n)P

so a biased-corrected estimate of the log-likelihood is given
by

A 1@
bV -z 22
(Yo )+2Nexp(zzg(yon)) >

log Do (YO:n)

3) Smooth Particle Method for Likelihood Function Ap-
proximation: Assume that one is interested in estimating the
log-likelihood function for various values of 6, as required
for example to perform maximum-likelihood (ML) param-
eter estimation or to compute a generalized likelihood ratio
(GLR). The true likelihood function is typically a contin-
uous function of 6 and the estimate (20) is asymptotically
(N — o0) consistent. However, for a reasonable number of
particles, the variance of the estimates of the log-likelihood
might preclude a proper evaluation and maximization of the
likelihood surface. An importance sampling method is de-
scribed in [29] but its computational complexity is in O(N?)
and it is only valid in the neighborhood of a suitably pre-
selected parameter value. We present here a more efficient
method recently proposed by Pitt to devise a “smooth” esti-
mate of the likelihood function [45].

The basic idea consists of explicitly rewriting the esti-
mate of the log-likelihood as a deterministic function of the
(pseudo)random numbers, say, { Uy }x=1,....» used to sample
and resample the particles until time 7, i.e.,

I.(0) = F(0,{Us}i=1.....n)- (23)

If the mapping F'(0, {Uk}x=1,...,») is continuous in ¢ given
{Uk}r=1,..n, then by using the same random numbers (i.e.,
{Uk }r=1,... n fixed) to estimate the likelihood function at all
points of interest, one would obtain a “smooth” approxima-
tion of the likelihood function. Note that the existence of this
mapping excludes the use of rejection sampling or any other
procedure using a random number of random variables to
generate particles.

Now any standard SMC algorithm in the literature, in-
cluding the one presented in this section, does not lead to a
function F(6, {Uk}x=1,...,») continuous in #. This is due to
the fact that the resamphng operation is not continuous in 6.
Indeed it consists of resampling from a discrete point mass
function (18) whose weights depend on 6; so if fqr a value,
say, 6y one resamples at time 7 a particle, say, X 1(17') then for
a value 01 very close to #y one might resample X5 or
X ,(f'H) instead. Pitt has proposed a “smooth” version of the

resampling operatlon in the scalar state case, i.e., ¥ = R.
The particles {X } are reordered, so that X\ < X{? <

L < Xy (") and a continuous piecewise linear approxima-
tion of the cumulative distribution function associated with
po(xy, | Yo.n) instead of the piecewise constant (discontin-
uous) cumulative distribution function associated with (18)
is proposed. One resamples the particles from this new cu-
mulative distribution function, therefore “smoothing” the re-
sampling operation; see [45] for details. The computational
complexity of this algorithm is in O(N log N) as one needs
to reorder particles, which is still reasonable for most appli-
cations. When X = R™ with n, > 1, it seems unfortu-

nately difficult to avoid a computational complexity of order
O(N?).

F. SMC Approximation to the Optimal Filter and Likelihood
Gradients

In this section, we focus on the approximation of the filter
and likelihood derivatives. We present a particle method re-
cently introduced to address this problem [19]. An alternative
method has been proposed independently in [9] for a specific
continuous-time model. Other approaches are also discussed.

1) Importance Sampling: At time n, after resam-
pling, one has the approximation (19) of the filtering
density. We propose to approximate here the derivative
Vmpg(xg . | Yo.n) using the same collection of particles
{X } we used to approximate the filter (19), i.e.,

N

V/,;pg(l’o:n |Y0:n) = Zﬂ(7) 6 (

i=1

- X6h) s

where the coefficients ﬂff)m can be negative or positive and
do not sum to one as V,,,pa(Zo.x | Yg;glis not a probability
density function. Approximating V,.py(zo.. | Yom) by
(24) corresponds to an importance sampling strategy with
importance sampling density pg(zo.n, | Yo.n). The rationale
for this approximation is due to the following property.
Under weak assumptions, generalizing the arguments in
[9], if for any set A, [, po(zom—1|Yom—1)dTom-1 =
0 = fA Vmpe(iliom,—1 |Y0;n_1)d11}0m,_1 = 0 then
for any set B, [ppe(zon |Yon)dzom = 0 =
fB vmpG(x():n | YO:n)dwO:n = 0.

To derive a particle method to implement (15), one writes

V(qs(zn | Yn, Zn-1)p6(Zo:m—1|Yoin—-1))
=Vag(@n | Yo, Tn1) - Po(Tn—1]Yom—1)

+ qo(2n | Yo, 2n-1) - VPo(Zom—1|Yon—1)
~ Vag(wn | Y, 2n_1)
 qo(wn | Yo, Tu1)

- q9(xn | Yo, Trn—1)Po(@0:m—1| Yorn—1)

+@0(n | Yo, 2n-1) - VPo(Tomn—1| Yon-1)-

It follows that the algorithm proceeds as follows at time 7.
We use the notation [ 4(z) = 1 if z € A and 0 otherwise.
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Sampling step v v
eFori: =1,...,N, set X(()f,)l_l = Xé?i
X~ ol |V .,X( M)

eFori=1,...,!

_; and sample

V', compute the weights

i 1 Vm@e (X,(j) |Ynasz')1) 5(0)
311 m = AT + /j)n—I,m/‘
N 0 (Y(Z) |Y,7,X( i) )

Updating step
e For + = 1,...,N, evaluate the importance

weights

N ‘
Zagf) =1.

=1
A (Yf,L . Yn) + Nay (A,EL . Yn) 39,
Z{\Ll 7] ("21(1}31:12 bl Y_Tl)

Q)

Qpn

TN ~(
Zj 1 (‘Xn7)1 n’y )

aﬁj) x (Y,EZI - Yn> R

N
x (Z (vmag (Afj)l n,Yn) + Nay (X,ﬁ’)1 . Yn> ,{95,”)) .

j=1

Resampling step

e Multiply/Discard particles {X(EL,)7} with re-
spect to the high/low weights a/gf) to obtain N
particles

(X500 e, X500
mined by the resampling mechanism.

= X{#") where ¢, (i) is deter-

® set

A+ (2n (i)
40— Pam B + (5(”“)))
Mn,m (B/Q)j{m a(»’n( )) R e

g; T
+
(e 2t (3 )
with

,g;:,m Zjn mlllR+ ( nnz)7

(B)nm = Z B falen g (Ben)
N

B 2 Z Bl (3.

and
N

3/ & 3Gen (i) y  (#n (D) 5(en (D)
(B/a) oot I— (B .

=1

In this algorithm, the derivative V,,(qs(zn|Yn,Zn_1)
p@(xO:n—1|Y0:n—1)) is apprOXimated by

> A0 (w0 = X§0) 5)

and, before resampling, V.., pa(Zo.n | Yo:n) is approximated
by

2 308 (w0 = X§0) 6)

Using (17), it follows that one has
()
- N ZV’“O‘" ( k- 1k’Y’“)

+Zﬂ53mae( DY) @D

Vmpe(Yk | Yo:k—1)

and an estimate of the score function (16) is given by (28),
shown at the bottom of the page.

2) Alternative Methods: Several alternative approaches
to estimate Vpg(xo.n | Yo.n) using particle methods are pos-
sible. The most natural one consists of using two distinct set
of particles for pg(zo.., | Yo.n) and Vpg(2o.n | Youn)-

In this approach, one uses the fact that under regularity
assumptions the derivative of a probability density function
vg(z) with respect to the mth component of § can be written
as

— Ug,m(2))

(2) and v}, (2) are two prob-
ability density functions. There is actually an infinity
of such decompositions; the most obvious one is the
standard Hahn-Jordan decomposition where vy ,,(2) o
max(0, V,,vs(2)) and vy, o« —min(0, V., vg(2)). How-
ever, this might not be the most convenient decomposition
and for standard densities there exist more appropriate de-
compositions where vy ,, and vy, are themselves standard
densities [43]. /

A first approach consists of using such a decomposition
for the importance sampling density. One writes

Vm%(xn |Yn,$n—1)
= Cq,9,m(xn—17Yn)(q19,m(xn |Yn,xn—1)
~ @4 (T | Yo, Tn—1)) (29)

and modifies the sampling step of the algorithm described in
the previous subsection. Indeed, one has

Vmvg(z) = CU,G,m(vI&,m(Z)

!
where ¢, 9., € R+71’e,m

Vo @o(Tn | Yo, 2n1) - Po(Tn—1|Yom-1)

= cqﬂm(a:n—lvyn)(qg,m(mn |Yn,$n—l)
Po(Tn—1]Yo:n-1)
= 49 (@0 | Yo, @0 —1)Po(Tn—1 | Yorn—1))-

X

v YO'n

428

n N v, 019( X9y, )+NZL B ()”(,gijl:k,yk)

k=0 D i Qo (f(,ﬁi_)l:k, Yk)

(28)
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So by sampling particles from both gp ,, (¥n | Yo, 7n—1) and
44 m(Tn | Yo, n—1), it is possible to obtain an approximation
of V,.qe (n | Yo, 1) -po(xn—1 | Yo.n—1) instead of using
importance sampling. One can then plug this approximation
in (15) and use the standard Hahn—Jordan decomposition for
VnPe(Zo.n | Yo.n)- This is easily implemented in practice by
checking the sign of the weight of each particle; see [20].

A second approach consists of also using such decompo-
sitions for V,,,pg(xo.n | Yo.n) and Ve (n—1.n, Yn),2 ie.,

vmpﬁ(a:o:n |Y0:n) = Cp,&,m(%:n)(pgvm(fﬂo:n |Y0:n)
- Pg,m (20:n | Yo:n))

Vmae(xn—l:ru Yn) = Ca,@,m(xn—l:n)(alg m(xn—l:rn Yn)

>

- Oélal,m(xn—l:n; Yn))

Using such decompositions and plugging them in
(15), it is trivial to obtain recursions for ¢, g m(Yo:n),
pgym(azo:n|Y0m)7 and pg”m(x0:n|Y0m), which can be
implemented using particle methods.

III. MODEL VALIDATION AND CHANGE DETECTION

The problems of model validation, change/fault detection,
and isolation in dynamic models have received considerable
attention; see, for example, [6] and [26]. We discuss here a
few applications of particle methods to these problems.

A. Model Validation

Assume here the parameter 6 is fixed. Model validation
is the process of determining how well a given model fits
the data. Within a Bayesian framework, models can be com-
pared using posterior model probabilities, but this strategy
only provides relative performance indicators and does not
tell whether any particular model fits the data well. In this
section, we show how particles and frequentist methods can
be combined to determine the goodness of fit for any model
of the data.

Under the hypothesis that the model is the correct one, it is
straightforward to show [47] that the sequence {uy }x=1.. .n
with

up = Pr(Ye < yi | Youu—1 = yo:k—1,0)

is a realization of independent identically distributed (i.i.d.)
variables uniformly distributed on [0, 1] given a realization
of the observations ¥q.,,. This result holds true for any time
series and may be used in statistical tests to determine the ad-
equacy of the model. Computing {uy }x=1,.._ . can be gener-
ally performed using particle methods. Indeed, one has

up = /Pr(Yk Sk | X = 2, 0)po (2 | Yor—1)dxy
(30)

2Properly normalized, g (%, 1., Y5, ) is a probability density of argu-
ment Y,,.

and one can obtains a particle approximation of the one-step
ahead prediction distribution by using a particle approxima-
tion of pg(zx—1 | Yo:x—1) given by

N
Za,(:zlé (xk_l — X,EZ) )
i=1

and by sampling X,gi) ~ fa(- |)~(,gl_)1) It yields

N . -
Uy = Z a,(jll% (X£Z)7yk)
i=1

where

Qy(z,yx) = /

{y<yr}

go(y | x)dy. 3D

If (31) cannot be expressed analytically, then another esti-
mate of (30) can be computed by

N
N0
=)0y liyigy,
=1

where Y () ~ gg(- | X ,Ei)). An importance sampling method
could also be used.

The estimates obtained for {uy }x=1, ., may be used in-
stead of the true values to determine the adequacy of the
model. Most of these tests are based on the transformation
of the sequence {ug}r=1,. n into a sequence {vi}r=1,. n
where v, = W~ !(ug), with ¥ the standard Gaussian cu-
mulative distribution function. Thus, under the hypothesis
that the model is correct the {v } k=1, .. » arei.i.d. distributed
according to A(0,1). One can then employ standard statis-
tical tests such as Bownman—Shenton or Ljung-Box to test
the normality and whiteness of {vj}r=1, . In [56], this
method is applied to speech signals.

B. Change Detection Based on Likelihood Ratios

1) Method: We follow closely here the approach pro-
posed in [38]. Let us first consider a simple change detection
problem. Before the time change, we assume that we have
a dynamic model defined by (1)—(2) with § = 6. After
the change, for sake of simplicity, we will assume that new
model is the dynamic model (1)—(2) with § = (6 # 61).2
Given some observations Yj.,, we replace the unknown
change time by its ML estimate, i.e.,

Jn = argmax pg, 9, ,j(Yon)
1<j<n

with

A n
86,61, (Yoin) = H P86,61,5 (Y| Yo—1)

k=0
Jj—1 n

= H Poo (Yr|Yor—1) H P61, (Y| Yo:k—1)
k=0 k=j

3This assumption can be easily relaxed. The new model could be any dy-
namic model with transition and observation equations of functional forms
different from (1)—(2).

ANDRIEU et al.: PARTICLE METHODS FOR CHANGE DETECTION, SYSTEM IDENTIFICATION, AND CONTROL 429



where pg, o, (Y | Yo.x—1) denotes the predictive density of
Y. given Yj.;_1when one has § = 6, for the time interval
{0,1,...,7—1}and # = 6, afterwards. One can easily check
that

s . n
Jn = argmax Sj
1<j<n

where S}-’ is the following likelihood ratio (LR):

P80.61,5 (Ve | Yor— 1)>
log ( Dot L3
Z < Do (Y | Yore—1) (52)

The change detector can be obtained by

n = ST = max S >)\
Jn 1<J<’I'L

where g,, corresponds to the decision function and A is a
threshold. That is, we decide a change has occurred whenever
gn exceeds A. The change/fault alarm is set at the time given
by

t, = min{n : g, > A} = min {n : 1I£Jagxn s3> /\}

and the ML estimate of change onset time #( after a change
detection is equal to
to = arg max S7.
1<j<ta

Until now, we have considered the case where the model
after change is known. In many real-world applications, this
is not the case, and either the model parameter 61 belongs
to a finite set (“simple” case) or a continuous set (“difficult
case”) O;. In this case, a second maximization is required to
compute g and one requires the GLR

o= 2, o S0
as the LR in (32) is now a function of 6.

Experimental results obtained in [38] demonstrate the
power of this method. However, contrary to the linear
Gaussian case, it seems difficult to make any precise theo-
retical statement on the optimal properties of such a test in
the nonlinear non-Gaussian framework.

2) Particle Implementation: Assume 6 is fixed. In this
case, the change detection algorithm only requires com-
puting (32). This can be done easily using particle methods
using (21). However, to compute the LR S7 for a given
7 one needs two particle filters (change at time j and no
change). This means that to compute g,, one requires n + 2
particle filters: one particle filter for which § = 6, between
0 and n and (n + 1) particle filters where 6 = 6, for k < j
and § = 6, for k > j where j € {1,...,n}.

When 6 is not fixed but belongs to a finite set ©; of car-
dinality M, one has to use 1 + Mn particle filters. This is
computationally very intensive. In [38], the authors propose
to work over a time window of fixed width A so as to limit
the computational complexity, whereas in [5] the author pro-
poses to modify this statistical test so as to keep a computa-
tional complexity independent of n. Note that it is actually
possible to use a particle version of the two-filter smoothing
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formula [32] in the spirit of [26, p. 355] to limit the compu-
tational complexity to M + 1 filters and backward filters.

When ©; is a continuous set, one requires to perform
the maximization of S7 (). This can be performed using
the ML parameter estimation procedures detailed in Sec-
tion IV-B. This leads to a quite complex algorithm.

To avoid this, it is possible to use alternatively a local test
method, i.e., testing small deviations from the nominal value
6. This test only requires computing the score function (16)
at # = 6y, which can be done using (28); see [36].

C. Change Detection Based on Multiple Models

When the number of potential models for the data is fi-
nite, i.e., corresponding to the scenario in the previous sec-
tion when O is finite, then an alternative approach to change
detection is the so-called multiple models one ([26, ch. 10]).
In this case, there is, say, K competing models for the data.
Formally, let us introduce a latent (i.e., unobserved) process
{M,,} n>0 taking values in a finite set M = {1,2,..., K}
then, when the latent process satisfies M,, = m, the system
evolves according to

Xog1 | (Xn =2, Mpy1 =m) ~ f(-|z) (33)

and
Yo |(Xn =2, M, =m) ~ gn(-|2). (34)
If M, = M is a constant random variable, then one can

select the model by computing the (penalized) likelihood*
for each candidate model and selecting the one maximizing
it. However, in most applications, the process {M,, } >0 is
not constant and follows a prior distribution, say, p(mog.,, ). In
this case, any Bayesian inference on (Mo.,,, Xo.,) given Y.,
relies on the joint posterior distribution p(mg.n., To:n | Yo:n)-
This distribution satisfies

p<m0:n7 T0:n |Y0:n) XGm,, (Yn |$n)fmn (‘Tn |-Tn71>

Xp(mn |m0:n—1)p(m0:n—l7 Tom—1 |me—l)-

By considering the extended state Z,, = (X, M,,), one can
approximate p(Mmo.n, To:n | Yo.n) using particle methods.
This is the approach followed recently, for example, by [12],
[22], [34], and [37]. Based on the approximation of this
distribution, one can, for example, estimate at any time the
posterior probabilities of M,,.

We note that making use of the discrete nature of M,,, it
is possible to develop elaborated particle methods. When,
conditional upon Mj.,, the model (33) and (34) is linear
Gaussian, then one can use a special particle filter corre-
sponding to a mixture of Kalman filters. This method is based
on the fact that in this case

p(mO:n: Z0:n | YO:n) = p(mO:n | YO:n)p(xO:n | YO:n7 mO:'n,)

where p(zo.n | Yo.n, mo.n) is a Gaussian distribution of
known statistics and is computed by the Kalman filter. It

40ne can use the Akaike information criterion, minimum description
length, or other criteria.

SThe fact that {M,},>0 might not be Markovian—i..,
(M | Moin—1) # p(My | My—y); thus, { Z, } >0 is not Markovian—is
not a problem. Particle methods still apply in this framework.
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follows one can concentrate the particles to the approxima-
tion of the lower-dimensional distribution p(mo., | Yo.n),
thus reducing the variance of the Monte Carlo estimates;
see, for example, [14] and [16] for details and [12] for a
detailed application. The same idea can be used for dynamic
Bayesian networks with a large state space [13]. Finally,
in the general nonlinear non-Gaussian case, one can still
make use of the discrete nature of M,, to develop efficient
algorithms; see [3].

IV. PARAMETER ESTIMATION

In this section, we consider the model (1)—(2) for which
the parameter is not known. We will here denote 6* the true
value of the parameter §. After reviewing briefly particle
based methods that have been proposed in order to solve the
problem of the estimation of #*, we go on to present both
batch and online algorithms design to compute point esti-
mates of 6*.

A. Filtering Methods

A standard approach followed in the literature consists of
setting a prior distribution on the parameter 6 and then con-

sidering the extended state Z,, 2 (X, 0). This has the theo-
retical advantage of converting the static parameter inference
problem into an optimal filtering problem. It is then tempting
to use standard particle filtering techniques in order to esti-
mate the series of distributions {p(zy,0 | Yo.»)} and, thus,
{p(8|Yo.n)}. However, due to the lack of ergodicity of the
process {Z,}, such approaches are bound to fail. This fact
motivated the development of alternative techniques, which
We Now review.

1) Degeneracy and Kernel Methods: 1f one were to apply
the generic SMC algorithm described in Section II, the pa-
rameter space would only be explored at the initialization
of the algorithm as the transition probability of the Markov
process { Z,, },>0 includes a delta-Dirac mass for the compo-
nent . As a consequence, after a few iterations the marginal
posterior distribution of the parameter is typically approxi-
mated by a single delta Dirac function, which corresponds
to one of the initial values sampled from the prior distribu-
tion at time 0. This problem was quickly identified, and in
order to limit it, several authors proposed using kernel den-
sity estimation methods [25], [39]. More precisely, assume
that at time n, after resampling, the following approximation
of p(# | Yo.n) is available:

N
PO Yom) = % >s (0 — éﬁj)) (35)
=1

where many particles {éﬁf)} are actually equal. The idea of
kernel methods consists of substituting to the degenerate dis-
tribution (35) the kernel approximation

L ¢ 10
N;K(ﬁ—ﬂn) (36)

where K is a convolution kernel, e.g., Gaussian. It is then
possible to sample from (36) to obtain a new set of particles.

The advantage of this approach is that it introduces diversity
in the set of particles, but this is at the cost of transforming
the fixed parameter into a slowly time-varying one whose
dynamics is related to the width of the kernel K ( -). Addi-
tionally, the choice of the kernel width and its effect on the
original problem is not always clear.

Another pragmatic approach consists of explicitly intro-
ducing artificial dynamics on the “static” parameter of in-
terest [28], [33]; say, e.g.,

gn-l—l = en + En+1

where {e,, } > is an artificial (small) dynamic noise. Again,
as for the kernel method approach the choice of an appro-
priate variance for the artificial dynamic noise is difficult and
the original problem has again been modified.

2) Alternative Particle Methods: Coupling Particle
Methods with MCMC. To avoid the introduction of an
artificial dynamic model, an interesting approach proposed
in [23] consists of adding Markov chain Monte Carlo
(MCMQO) steps so as to add “diversity” among the particles.
More precisely, assume that at time n the approximation
(35) is available. In order to add diversity, one samples
new particles according to an MCMC kernel with invariant
distribution p(zg., 0 | Yo:n), i-€.,

(Xé?w@g’)) ~ Kyome ( | Xéﬁ»ég))

before moving to the sequential importance sampling step.
Contrary to standard applications of MCMC, the kernel
does not have to be ergodic. It is actually never ergodic in
practice, as ensuring ergodicity would require one to sample
an increasing number of variables over time—the algorithm
would not be sequential anymore. In practice, one typically
samples 6\ and possibly X 7(2 Li1.,, fOr some integer
L > 1, therefore setting X\ _, = X$")_, . Note that the
memory requirements for this method does not increase
over time if p(Yo., |6, zo.,) can be summarized by a set
of fixed dimensional sufficient statistics. This combination
of MCMC and particle methods has also been adopted
by Chopin [10]. Its main advantage over standard kernel
approximations is that, whatever the choice of the MCMC
kernel used, the target distribution p(zg.n, 0 | Yo.n) is never
modified.

Storvik’s Method. Storvik [52] has recently proposed an
alternative method. It is based on the following decomposi-
tion:

p(‘TO:nv 0 |Y0:n) X q&(Yn | zn)f@(ln |$n—1)
X p(g | YO:n—l-, xO:n—l)p(xO:n—l | YO:n—1)~ (37)

Assuming that at time n — 1 a set of particles
(X069 distributed according to
p(Zom—1,0|Yo.n—1) is available, one can sample new
samples (Xr(;)ér(f)) q(-,-|Y0m,,f(éi)1_1). Following
(37), the importance weights are given by the equation
shown at the bottom of the next page. Note that the
algorithm is truly recursive if p(Yo., |6, 20.,) and
q(Zn,0n | Youn,Ton—1) only depend on zp,, and Yp.,
through a set of fixed dimensional sufficient statistics.
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Problems With These Methods. As opposed to the
methods relying on kernel or artificial dynamics, these two
approaches have the advantage of adding diversity to the
particles approximating p(6 | Yo.,) without perturbing the
target distribution. However, both algorithms suffer from
an accumulation of error over time; see [1] for an example
showing the MCMC-based algorithm can even diverge over
time. The reason for this is that to approximate p(f | Yo.»),
one tries to compute

p(a | YO:n) = /]7(9 |Y0:n7 xO:n)p(xO:n |Y0:n)dx0:n

which is an integral whose dimension is increasing over time.
Itis impossible to obtain an approximation whose error is not
increasing over time by using a fixed number of particles and
not rejuvenating the particles associated to z.,, from time 0
to n.

In [46], a pragmatic approach is adopted to limit the de-
generacy of the paths p(zo.y, | Yo.r ). The idea is to make the
assumption that

p(xo:k |6, Yon) = p(xok | 0, Yoin+j) (38)

forany 7 > 0 and n — k “large” enough, that is, .5 has very
little influence on Y}, 4 1.+ ;. Under this mixing assumption,
it is possible during the simulation to “freeze” the paths z¢.,,
from time O to k after a few time steps as by assumption new
observations do not bring any new information about past
state values. Although reasonable when the parameter 6 is
known, the mixing assumption (38) might be questionable
when the static parameter is unknown, as the model is not in
this case ergodic.

The problem of estimating sequentially in time the series
of distributions {p(f | Yo.n)} seems to be intractable and we
now focus on another type of approach, which aims at pro-
ducing point estimates of 6*.

B. Point Estimation Methods

We now present some methods referred to as “point esti-
mation” methods; i.e., we do not aim at estimating the se-
ries of posterior distributions {p(f | Yy...)}, and, therefore,
do not require the use of particles in the parameter space.
We focus rather on the estimation of #* directly, using for
example the ML principle. These methods can be used to
perform offline/online (penalized) ML parameter estimation
and rely either on greedy maximization or deterministic/sto-
chastic gradient techniques. It should, therefore, not be sur-
prising if they are found to be sensitive to initialization and
might get trapped in a local maximum.

1) Offline Methods: Greedy Maximization and Stan-
dard Gradient Methods. Assume one is given a fixed set of
data Yj.,,. To perform ML parameter estimation, one could

try to perform a greedy maximization as a function of # of
the likelihood given by (14), or, more exactly, the particle ap-
proximation of it. In the latter case, to reduce the variance of
the estimate of the likelihood (14), one would require many
particles. It is also possible to use the “smooth” estimate of
the likelihood introduced by Pitt when n, = 1 [45]—see
Section II-C.

To perform ML parameter estimation, one may use a gra-
dient algorithm with a decreasing stepsize sequence {7« } x>0
so as to average out the “noise” introduced by the Monte
Carlo estimates of the log-likelihood. One selects a stepsize
sequence satisfying vz — 0,> po o7k = 00, Y opeo Vi =
ooseg, v =C -k~ C > 0,and a € ((1/2),1]. At itera-
tion k£ + 1 of the gradient algorithm, we update 61 using

Op+1 =0k + Vkﬁek (Youn)

where/V\lgk (Yo.) is the particle estimate of the likelihood
gradient from time O to n at the current parameter value 6y,
as given by (28).

EM-type Algorithms. If the smooth likelihood method is
used for an unknown multidimensional parameter 6, it can be
difficult to properly scale the parameter increments used to
perform the greedy maximization. Similarly, it is difficult to
properly scale the components of the gradient. In the context
of linear Gaussian state-space models and finite state-space
HMMs, a very popular alternative method for parameter esti-
mation is the expectation—maximization (EM) algorithm and
its variants. The EM algorithm is a numerically well-behaved
gradient method which increases the log-likelihood at each
iteration. It proceeds as follows. Given an estimate 6}, of the
parameter, then at iteration k£ + 1

Or+1 = argmax Q(0,0y)
o

where

Q(97 Hk) = /logpe (xO:n7 YO:n)pG,\. (xO:n | YO:n)de:rr
(39)

In the nonlinear non-Gaussian framework, one cannot com-
pute (39) exactly, and it is necessary to use an approxima-
tion. Using particle methods with § = 6, one can obtain
an approximation of the joint density pg, (2o.n | Yo.r,) which
substituted into (39) yields

O, 0;) = Za log po (X800 Youn ) -

This function can be easily maximized when pg(f(é??m Youn)
is in the exponential family. In this case pg(Zo.n, Yo:n)
depends on (zg.,,Yo.n) only through a set of sufficient
statistics ¢(xo.n, Yo.n) Whose dimension is independent of

FQ) (Yn |X7(11)) fgg;‘) (

047(1) o
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n.% This method looks attractive but is actually inefficient.
This is because the particle approximation of the joint
distribution pg, (%o | Yo.n) provided by (18) can be poor as
soon as n is large. Consequently the variance of Q(G, 0r)
would increase exponentially with n. To obtain samples
from pg, (€o:n | Yo:n) using particle methods, one can use
the forward filtering backward sampling method presented
in [24] and [29]. However, to obtain M samples from
Do, (To:n | Yo.n) this method requires O(N M) operations,
which is very expensive. In this offline context, a good
alternative to particle methods is MCMC methods.

2) Online Methods: We consider here online algorithms
to estimate the true parameter §*. All these algorithms rely
on a nonincreasing positive stepsize sequence {~,, },>0 such
that Y 7,, = oo and Y 2 < oo; typically one selects ,, =
C - n~“ where C > 0 and o € (1/2,1]. We point out that
the methods described here rely on the same principle: an
alternative contrast function to the likelihood is defined, and
this contrast function requires the evaluation of integration
over fixed spaces that do not depend on time.

Recursive ML. Consider the log-likelihood function
lg(Yo.,) given by (14). Under regularity assumptions,
including the stationarity of the state-space model, one has
[54]

ly(You) —_U0) (40)
where () is defined at the bottom of the page. In this ex-
pression, P(X x X)) is the space of probability distributions
on X x X and Ag ¢+ (dy, dp) is the joint invariant distribu-
tion of {Y,, qo(xn | Yo, Tn—1)pa(n—1 | Yo.n—1)}. We have
made explicit the dependence of Ag ¢+ (dy, dy) on both 6 and
the true parameter §*. Maximizing [(f) amounts to mini-
mizing the following Kullback—Leibler information measure
given by

K(0,0%) 2

1(0*) —1(0) > 0. 41)
In order to optimize this cost function, one can suggest a re-
cursive ML (RML) algorithm, based on the following sto-
chastic gradient recursion:

9n+1 = gn + ’an 108;]701:,1 (Yn | YO:n—l)

where  Vlogpg,. (Vo |Yom—1) is  similar  to
V 1og pe (Y | Yo.n—1) except that the filter and its gradient
appearing in this expression are now computed using the
parameter 6 at time k. This is this approach followed in
[35] for finite state-space HMMs and in [9] and [19] for
general state-space models. In the general state-space case,
it is necessary to approximate Vlogps,. (Y |Yom-1) =

5With Q(#, 8., ) being evaluated through Monte Carlo, one cannot guar-
antee anymore that the log-likelihood function will increase monotonically.

Ve,.. Yn|Yon-1)/pe,., (Yn|Yo.n—1) based on the par-
ticle approximations of qg (2 | Yo, Zn—1)po1.m (Tn | Y1)
and V(qo, (%n | Yo, Tn—1)po1., (Tn | Yi:n—1)) (computed
using the algorithm described in Section II-F using
parameter 6 at time k) and using (20) and (27).
Convergence analysis of this algorithm requires nonstandard
stochastic approximation results developed in [53] and
geometric ergodicity results developed in [54].

Online EM Algorithm. The method presented here is de-
tailed in [2]. Similarly to the offline case, it can be difficult
to properly scale the different components of the gradient
when the parameter 6 is multidimensional. One could sug-
gest using an online version of the EM algorithm, as it is a
numerically well-behaved gradient method. Online EM al-
gorithms have been established for finite state-space HMMs
and linear Gaussian state-space models [21]. However, simi-
larly to the offline case, although a direct implementation of
the online EM algorithm using particle methods is feasible
in the nonlinear non-Gaussian state-space case, it would fail
in practice because of an accumulation of errors over time.

To prevent the degeneracy inherent to this approach, one
can modify the contrast function to minimize. Instead of
considering the maximization of the average log-likelihood
function which leads to (41), we consider here the so-called
split-data likelihood (SDL) also called quasilikelihood as
proposed in [48], [49] for finite state-space HMM. In this
approach, the data set is divided in blocks of, say, L data and
one maximizes the average of the resulting log-SDL. This
leads to an alternative Kullback—Leibler contrast function.
It can be shown under regularity assumptions that the set
of parameters optimizing this contrast function includes the
true parameter. We maximize here the average log-SDL
using an online EM algorithm. The crucial point here is that
the integrals that are needed with this approach are defined
on a fixed space, and means that it is possible to define
Monte Carlo estimators that have a finite variance.

First for a given L and any £ > 1 we denote Y, =
Yk—1)p:kr—1 and Xp = T(g_1)p:pn—1. Assume { Xy, },>0
defined by (1) is a stationary Markov process with invariant
density mg (). This implies that once the process {X,, }n>0
has reached its stationary regime, then for any k, the vectors
(X, Yi) are identically distributed according to

Po(X, Y1) = (2 (e—1y2)96 Y-z | Z(h—1)L)
kL1

i

i=(k—1)L+1

fo(zilzizc1)ge(Yilzi). (42)

One can naturally introduce the likelihood (in the stationary
regime) of the block of data Yy,

By(Yi) = / Do (X, Y1 ) 43)

1(9) = // log </ / ag(z, o, y)u(z, 2" dx dz') a9+ (dy, dp)
JYxP(XxX) :
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and denote ly(Yy) 2 logDy(Yr) the associated log-likeli-
hood. Now we introduce the following so-called split-data
(marginal) likelihood of p blocks of L(L > 1) consecutive
observations

p
Po(Y1,...,Yp) 2 Hﬁa(Yk)- (44)
k=1

This split-data likelihood ignores the dependency between
adjacent data blocks. The underlying motivation for the in-
troduction of this quantity relies on the following property,
which parallels the classical scenario where the observations
Y}.’s are independent, and the true likelihood is, therefore, a
simple product of densities. Under fairly general ergodicity
conditions, the average log-SDL of Y., satisfies when
p—

STU(Y) — U(6) 45)

hSER

where
i(6) = / T (Y1)By- (Y1)dY,

and Dy- (Y1) is the joint distribution of L consecutive obser-
vations under the true parameter #* in the stationary regime.
Note the difference with the standard RML approach in
(40). Now, maximizing [(6) is equivalent to minimizing
K(8,0%) 2 1(6) — I(8) > 0 [48). K(6,6%) is, therefore,
a valid alternative contrast function which has the clear
advantage of involving integral over fixed spaces only:
realistic Monte Carlo algorithms can, therefore, be used
in this case. Now in practice there is a tradeoff associated
with the choice of L. For small L, the algorithm is typically
easier to implement but the convergence might be slow. If L
is large, the algorithm will converge faster as it mimics the
convergence properties of the RML estimate but this will be
at the cost of a more complex algorithm.

Now, in order to find 8* one can use an online EM algo-
rithm. The standard batch EM algorithm would consist here
at iteration k of the evaluation of

QB1,0) = / log Py (%1, Y1)Bs, . (X2 | Y1)dxs

followed by the maximization

0 = arg max Q(0r—1,6).
€O

The online version computes the average () function defined
by

O(6r_1.8) = / Q611 )Py (¥1)dy,

by a Monte Carlo method; we use the observations {Y,,}
which are naturally distributed according to py. (-). More pre-
cisely, once the block of observations Y}, is available, and
given our current estimate Qr—1 of Q, one computes

Qr(01.6-1,0) = (1 — ) Qr—1(f1.1—2,0)
+7k/10g159(xk7Yk)59k,1(Xk | Yi)dxi, (46)
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and update the value of the parameter according to

0, = argmax Q(01.x-1,0).
0cO

Note naturally the dependence of the estimator Qp_1 of Q
onfy,60s,...,0_1.In the case where the integral in the pre-
vious equation does not have an analytical expression, one
can again use a Monte Carlo method, and integrate with re-
spect to Dg(Xx | Y ). More precisely one can run a particle
filter to sample from this distribution, at least when L is not
large, say, L < 5. Otherwise, when L is large, one can use,
for example, the forward filtering backward sampling algo-
rithm [24]. In both cases the algorithm remains an online al-
gorithm. We refer the reader to [2] for further implementation
issues.

Note that although we have restricted ourselves to
nonoverlapping data blocks {Y}r>1 for clarity, it is pos-
sible to apply our framework to overlapping blocks. This
enables one to update the parameter estimate at the data rate
(e.g., see [48]) and it possesses nice asymptotic properties.

Finally, we would like to point out that it is possible to
adapt the ideas developed here in order to perform online pa-
rameter estimation in general state-space models using com-
putationally very efficient simulation-based methods which
do not rely on particle methods [4]; note that their computa-
tional efficiency is balanced by a rate of convergence slower
than that of the algorithms presented in this section.

V. CONTROL

The control framework presented in this section is more
commonly known as a partially observed Markov decision
process (POMDP). We will be presenting POMDPs where
the state, observation action spaces are uncountable, which
is more difficult than the standard finite state—observa-
tion—action (finite) POMDP. We refer the reader to [27]
for rigourous treatment of ‘“uncountable” POMDPs and
to [8] for an exposition on the subject in general. For
finite state-space POMDPs, one can solve finite and infinite
horizon problems using value iteration [41]. For uncountable
POMDPs, the standard approach consists of discretizing
the state, action, and observation space to obtain a finite
POMDP and solve the latter using value iteration [27]. The
methods that we present in this section are not based on
discretization.

A. State-Space Models With Control

We consider here nonlinear non-Gaussian state-space
models for which it is possible to apply an .A-valued con-
trol term A,, at time n. More precisely conditional upon
{As }n>0, the process {X,,}n>0 is a Markov process with
Xo ~ p and Markov transition density f(2’ |z, a), i.e.,

Xn+1 | (Xn = .’lZ,An+1 = (l) ~ f( | .CI?,G,). (47)

The observations {Y,,},>o are conditionally independent
with marginal density g(y |z, a), i.e.,

Yol (Xn =x,A, =a) ~g(-|z,a). (48)
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In the most general case, the control A, at time n 4 1 is
a function of all the available information at time n which
can be summarized by the optimal filter p(x,, | Yo.n, Ao:n)-
We are interested in both finite horizon and infinite horizon
control problems whose detailed descriptions will be given
in the forthcoming subsections.

Solving optimal control problems for nonlinear non-
Gaussian state-space models is a formidable task. Although
the optimal controller is the solution to the Dynamic
Programming/Bellman recursion, except in very specific
cases, like a linear Gaussian state-space model and a
quadratic cost function, there is no analytical solution
to this recursion. In nonlinear non-Gaussian state-space
models, the value function admits as argument a probability
distribution, and it seems extremely difficult to come up
with any sensible approximation to it. This is why, despite
its numerous applications, the literature on applications
of particle methods for control of nonlinear non-Gaussian
models is extremely limited.

B. Finite Horizon Control Problems

Let us introduce a cost functionc : X x A — RT.7 In
[42] and [50], the authors propose to address the following
problem. At time k& — 1, the sequence Ag.;—1 has been se-
lected and the observations Y).;,_; have been received. One
wants to minimize the function defined as

J(Ak:k+H—1) = IEXk_le(-lyo;k—l,AO:k—l)
k+H-1
x| > X5 45| 49)

=k

over Ap.r+m—1 Where the expectation is with respect to
the joint distribution of both the states and the observations
(Xk:k+H—1, Yi:k+H—1,) given that Xj_; is distributed ac-
cording to p(zx_1 | Yo.k—1, Ao:k—1). Here H is the control
horizon. Each control input takes its values in a finite set .4
of cardinality K. It is possible to approximate J(Ax.x+H—1)
numerically using particle methods for the K possible
values of Ap.rym—1 and then select the optimal value.
Indeed one has

[EXA-—1~P(' [ Yo:k—1,A0:k—1) [C(Xj7 AJ)]

= / c(j, Aj) (H gy |@, A) f (w1 @i, A,))

X p(@p—1 | Yik—1, Aoik—1)dTp_1.jdYp:;

J

Z/C(%':Aj) <H f(fvz|$11;Al)>
=k

X p(Th—1 | Yi:k—1, Aoik—1)dTr—1:;-

To approximate J(Ag.k4+pg—1), one obtains samples from
p(z; | Y1:k—1, Ao.j) for j > k using the particle approxima-
tion (18) and then sampling particles X](-l) ~ f(-] Xj@l, Aj)

TOne can generalize all the algorithms described below to the case ¢ :
X x)YxA— Rt

for j > k. Then, one obtains the following approximation to
(49):

k+H—-1 N

J(Appsm) = Z Za,(f)c (X](.i),Aj).
=k =1

In [18], the following problem arising in sensor manage-
ment [31] is addressed. At time k£ — 1, one wants to minimize
over A, € A

J(Ak) = lEXk—lNP('lyo:k—lyAO:k—l)
x [e(p(zk | Yok—15 Ao:k), P(wk | Yok, Aok))]  (50)

where ¢ : P(X) x P(X) — RT is a measure of “simi-
larity” between the prediction p(zy | Yo:k—1, Ao.x) and the
filter p(xy, | Yo.x, Ao:x)s i-€., one aims to select a control input
A}, maximizing the average information brought by Y}, about
X In this case, contrary to (49), the cost function does de-
pend on the unknown future observation Y. One has

T(A) = / e(p(n | Yoromts 9es Ao, p( | Yoro—1, Aoce))
X p(yk | Yoik—1, Aok ) dyk.

If ¢(+, -) is minus the Kullback-Leibler information, then one
can easily establish that

J(A) = / p(n | Yoot Aos)g(yr | 0, Ax)
x log(g(yr | rs Ar)/P(Yk | Yok—1, Ao:k)) dzy dyp,.

Again, one can estimate this quantity by sampling from
p(wr | Yoik—1, Ao:x) and g(yw |k, Ag), for any A, € A,
using particle methods and then selecting the optimal Ay
value. If A, takes values in a continuous space and J(Ay)
is differentiable with respect to Aj, an estimate of the
gradient of .J( Ay ) can be estimated and a stochastic gradient
algorithm can be used. This procedure requires the gradient
method developed in Section II-F.

In [51], amore complex control problem related to optimal
trajectory planning is addressed. At time k£ — 1, one wants to
minimize over Ag.k4+H-1

J(Apkrm—1)

= [Equ ~p(- | Yoik—1,A0:k—1)

: |:<(p(Xk+H_1) —/so(wk+H—1)

2
'p($k+H—1|Y0:k+H—1,Ao:k+H—1)dwk+H—1> ]

= /<¢($k+H—1) - /so(:vk:k+H—1)

- p@rr—1 | Y01, YhokrH—1, AO:HH—l)d$k+H—1>2
P(@ptH-1, YkktrH=1 | York—1, Ao:kt H—1)
“drprH-1dYkk+H-1

where ¢ : X — R, i.e., one wants to find the sequence of
control inputs such that the average mean square error be-
tween o(Xgypg—1) and its optimal minimum mean square
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estimate is minimum. If Ay, 1 takes values in a contin-
uous space and J(Ag.x+m—1) is differentiable with respect
to Apg.r+m—1, then one has

Va,J(Arksr-1)

=Exy mp( | Yo 1,40 1) { (¢(Xk+H—1)

_/@(xk:k+H71)p($k+H71 | Yik—1, YkiktH-1,

2
X Ao:k+H1)d5Ek+H1> Sj(Yj7Xj1:j7Aj)}

where

Vag(ylzja) | Vaf(zjlaj-1,0)
9(y|zj,a) flxjlwjr,a)

It is possible to optimize J(A.x+m—1) using a stochastic

gradient algorithm. Variance reduction techniques for esti-

mating V 4, .J(Ag:r4+m—1) have been developed in [51] to

improve the efficiency of the stochastic gradient algorithm.

Si(y,rj1.4,a) =

C. Infinite Horizon Control Problems

In the infinite horizon case, we are interested in selecting a
control sequence {A, },>o to minimize the infinite horizon
discounted cost

(1 {Au}uz0) = Exos [Zwkdxk)] 5D
k=0

where the discount factor 0 < v < 1, and the expecta-
tion is with respect to the joint distribution of both the states
and the observations. In [55], a particle method based on
Q-learning is proposed to solve for a stationary policy [see
(54) below] when A is a finite set. This method is complex
as the Q-factors are functions that admit as arguments prob-
ability distributions over X. It is, thus, necessary to perform
further approximations. Thrun develops a nearest-neighbor

type method to perform quantization in this space [55].
In an (infinite horizon) average cost formulation, one has

1 n
T {Au}uz0) £ lim =S TEx,mule(X)]  (52)
k=1

where the expectation is with respect to the joint distribu-
tion of both the states and the observations. We review here
two algorithms proposed recently by the authors to solve this
problem [17]. These algorithms are not based on any dis-
cretization. Instead, we limit the class of admissible policies
by defining a family of policies parameterized by a param-
eter #. We then search over this space of policies for the op-
timal one using a stochastic gradient descent (or ascent) algo-
rithm. This approach is known as the policy gradient method
and hinges on one being able to obtain estimates of the gra-
dient of the performance criterion with respect to 6. As we
show, the gradient of the performance criterion involves the
filtering distribution, its derivative and integration with re-
spect to it. Thus, in the general state-space setting, one must
use a particle method to approximate the performance crite-
rion gradient. This will add a bias to the gradient, but in all
the application investigated by us thus far, the bias was ob-
served to be negligible.
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More formally, let P(€) denote the set of probability dis-
tributions on a set £. We consider the set of randomized sta-
tionary policies vy : P(X) — P(A) of the form

A ~v(- | p(xr—1| Yore—1, Aoe—1)) (53)

or deterministic stationary policies g : P(X) — A of the
form

A = 09(p(@r—1|Yo:ik—1, Ao:k—1))- (54)

6 € © C R™ is the parameter to be optimized.
Note that in selecting Ay, the filtering distribution
p(zr—1|Yok—1,Aok—1) is used, which is a function
of (Yo:k—1,A0:k—1). The density p(zx—1|Yo:x—1, Ao:k—1)
summarizes the information in the past controls and obser-
vations that is relevant for the future control of the system.

When parameterized policies are used, one has
J(p, {An}tn>0) = J(p,0). Under an ergodic assump-
tion J(u,0) = J(0); i.e., the cost is independent of the
initial distribution 4 and is a function of f only

J(0) = lim J,(8) where J,(6) 2 Ex,ple(Xn)].

n—o0

We propose to optimize § using a stochastic gradient algo-
rithm. Under additional regularity assumptions, one has

lim VJ,(0) =VJ(8).

For a randomized policy (53), one can easily check that an
unbiased estimate of the gradient is given by

¥ (0) = < / c(@n)p(@n | Yo, AOm,)dmn>
. <Xn: Vg(Ag | p(zr-1 |Y0:k—17A0:k—1))> . 55)

= vg( Ak |p(r-1]Yok-1, Aosk—1))

In the nonlinear non-Gaussian state-space models, we com-
pute the first term using the particle approximation (18). Note
that in practice, a discount factor on the second term on the
right side of (55) is required in order to prevent the variance
of the gradient estimate from growing. This is at the cost of
an added bias. A stochastic gradient algorithm to minimize
J(6) follows directly; see [17] for details.

For a deterministic policy (54), the notation (54) is inad-
equate, as one should make explicit the dependency of the
filter on 6. In this case, an unbiased estimate of the gradient
is given by

@Jn(e) = / C(.Z‘n) 'Vpg (xn | YO:n7 AO:n)dwn

n (/ () -Po(@n | Yo, AOm)da:n> Vio(Youm)

where Vlig(Yp.,) is the score given by (16). In nonlinear
non-Gaussian state-space models, we can easily approximate
all these terms using (26), (18), and (28). A discount factor
is added to the score term so as to prevent the variance of our
gradient estimate from growing, again at the cost of an added
bias. The convergence analysis of this algorithm requires
nonstandard stochastic approximation results developed in
[53] and geometric ergodicity results developed in [54].
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VI. SUMMARY

In this survey paper, we have discussed nonstandard appli-
cations of particle methods to change detection, system iden-
tification, and control in nonlinear non-Gaussian state-space
models. Many problems which were considered out of reach
just a few years ago can now be addressed “routinely” using
these simulation-based methods. Other nonstandard applica-
tions of particle methods in electrical engineering have been
recently developed, including rare event simulation and mul-
titarget tracking using random sets [57]. However, this re-
search area is still very new and many problems remain to
be addressed. One of the main issues is reduced variance es-
timators of the gradients of interest in order to improve the
convergence of the stochastic gradient algorithm.
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